The zirconium and hafnium imido metalloporphyrin complexes (TTP)MdNAr i Pr (TTP ) meso-5,10,15,20-tetrap-tolylporphyrinato dianion; M ) Zr (1), Hf; Ar i Pr ) 2,6-diisopropylphenyl) were used to mediate addition reactions of carbonyl species and metathesis of nitroso compounds. The imido complexes react in a stepwise manner in the presence of 2 equiv of pinacolone to form the enediolate products (TTP)M[OC( 
Introduction
The preparation of group 4 chalcogenido complexes is an attractive goal in light of the high reactivity of metallocene and tetraazaannulene analogues described in a number of reports. [1] [2] [3] Notable examples include C-H bond activation, cycloaddition, and enolate formation. Toward this end, we have developed nitrene group and chalcogenido atom transfer routes with titanium metalloporphyrin complexes. Efforts to extend this methodology to the heavier congeners has now become an area of attention. In an ongoing investigation of group 4 metalloporphyrin imido complexes, we have found a number of novel reactivity properties. [4] [5] [6] We demonstrated previously that the imido complexes (TTP)MdNAr i Pr (M ) Zr, Hf) exhibit reactivity with heterocumulenes to form [2 + 2] cycloaddition products. 7 Further reactivity has been explored with other unsaturated substrates. Among these are pinacolone and PhNO, for which we now describe results found for their reactions with zirconium and hafnium imido complexes.
Experimental Section
General Procedures. All manipulations were performed under a nitrogen atmosphere using a Vacuum Atmospheres glovebox equipped with a model MO40-1 Dri-Train gas purifier. Benzene, benzene-d6, toluene, THF, and hexane were freshly distilled from purple solutions of sodium benzophenone and brought into the drybox without exposure to air. The dichloro, (TTP)MCl2, imido, (TTP)MdNAr i Pr (M ) Zr, Hf), and (TTP)Zr(η 2 -NAr i Pr C(dN t Bu)O) compounds were prepared according to literature procedures. 7 Pinacolone was purchased from Aldrich, vacuum-transferred, and dried by passage through a plug of activated neutral alumina. Pinacolone-d12 was prepared according to a literature procedure. 8 1 H and 13 C NMR data were acquired on Varian VXR (300 MHz, 20°C) and Bruker DRX (400 MHz, 25°C) spectrometers. Chemical shifts (ppm) are referenced to proton solvent impurities (δ 7.15, C6D5H). UV-vis data were recorded on a HP8452A diode array spectrophotometer and are reported as λmax in nm (log ). Elemental analyses (C, H, N) were performed by Iowa State University Instrument Services. GCMS studies were performed on a Varian gas chromatograph coupled to an ITS 40 ion trap mass spectrometer (capillary column DB-5MS).
(TTP)Zr(NHAr i Pr
)[OC(
t Bu)(dCH2)], 2a. This complex was formed within minutes by treatment of the imido complex, 1, with 1 equiv of pinacolone in toluene or benzene. Although complex 2a is stable in its mother liquor for days at ambient temperature and at 80°C, it could not be isolated in an analytically pure form. 1 H NMR (C6D6, 400 MHz): 9. 18 (s, 8H, -H), 8.55 (d, 4H, 3 JH-H ) 7 Hz, meso-C6H4CH3), 7.85 (d, 4H, 3 JH-H ) 7 Hz, meso-C6H4CH3), 7.33 (d, 4H, 3 JH-H ) 8 Hz, meso-C6H4CH3), 7.23 (d, 4H, 3 JH-H ) 8 Hz, meso-C6H4CH3), 6.22 (m, 3H, m, i Pr ), 3.02 (s, 1H, OC(dCH2) t Bu), 2.40 (s, 12H, meso-C6H4CH3), 1.35 (s, 1H, OC(dCH2) 
obscured by H2NAr
i Pr , pinacolone, and 2-octanone), 0.05
Reaction of (TTP)Zr(η 2 -NAr 
Bu)(Me)O] (2), [(TTP)ZrO]2 (4), and [(TTP)Zr]2(µ-O)(µ-OH)2 (5).
Crystal data can be found in Table 1 . Compound 5 was treated by attachment to a glass fiber and mounting on a Siemens SMART system for data collection at 173(2) K. An initial set of cell constants was calculated from reflections harvested from three sets of 20 frames. These initial sets of frames were oriented such that orthogonal wedges of reciprocal space were surveyed. This produced orientation matrices determined from 154 reflections for compound 5. Final cell constants were calculated from a set of 4170 strong reflections from the actual data collection. Three major swaths of frames were collected with 0.30°s teps in ω. The space group was determined on the basis of systematic absences and intensity statistics, and a successful direct-methods solution was calculated which provided most non-hydrogen atoms from the E-map. Several full-matrix least squares/difference Fourier cycles were performed which located the remainder of non-hydrogen atoms. These were refined with anisotropic displacement parameters. Atom O1 was located on the crystallographic 2-fold axis and appeared to be a hydroxo ligand based on a long metal-oxygen bond length. The proton attached to O1 was assumed to be in an sp 3 geometry and disordered over the two possible, partially occupied sites. The other two oxygens, bridging hydroxide (O3) and oxo (O2), were equally disordered over the crystallographic 2-fold axis and were refined with restrained metal-oxygen distances. All hydrogen atoms were placed in ideal positions and refined as riding atoms with relative isotropic displacement parameters. There were 1.5 solvent molecules of benzene per asymmetric unit. SHELXTL DELU and SAME restraints were employed here to keep reasonable C-C distances and approximate rigid-body anisotropic displacement parameters. There were 48 restraints used altogether. Three bad reflections were omitted from the final leastsquares refinement. All calculations were performed using SGI INDY R4400-SC or Pentium computers using the SHELXTL V5.0 program suite. 9 Crystals of 2 and 4 were treated in an analogous manner to that of 5. Systematic absences in the diffraction data were uniquely consistent for space groups denoted in Table 1 . The structures were solved using direct methods, completed by subsequent difference Fourier synthesis, and refined by full-matrix least-squares procedures. For complex 2, all porphyrin non-hydrogen atoms and zirconium were refined with anisotropic displacement coefficients. All other non-hydrogen atoms were refined isotropically. The enediolate ligand exhibited high thermal activity and was refined with an idealized geometry. The crystal was refined as a twin with a 52:48 ratio contribution from the two components. There were three severely disordered solvent molecules also present in the asymmetric unit, which were identified and accounted for as a hexane, toluene, and a half toluene molecule using the SQUEEZE option in the PLATON 10 program. PLATON calculated the upper limit of volume that can be occupied by the solvent to be 2028.3 Å 3 , or 30.8% of the unit volume. The program calculated 512 electrons, which corresponds to four hexane and six toluene molecules, in the unit cell for the diffuse species. A similar treatment was applied to two severely disordered toluene molecules that were identified and refined in the asymmetric unit of complex 4. PLATON calculated the upper limit of volume that could be occupied by the solvent to be 2016.5 Å 3 , or 22.5% of the unit volume. The program calculated 812 electrons, corresponding to eight toluene molecules, in the unit cell for the diffuse species. Note that all derived data in the following tables were based on known contents. No data are given for the diffusely scattering solvent molecules.
Results

Pinacolone Coupling Mediated by (TTP)ZrdNAr
i Pr , 1. Upon treatment of (TTP)ZrdNAr i Pr , 1, with 1 equiv of pinacolone, a new species was observed within 5 min. Product analysis was achieved by 1 H NMR spectroscopy. 11 The observation of a three-proton multiplet at 6.22 ppm, due to the meta . 7 Signals at 3.02 (s, 1H), 1.35 (s, 1H) , and -0.50 (s, 9H) ppm signify the presence of a single bound pinacolone fragment. The large variation in chemical shifts for the two geminal protons (vide infra) was unusual but must arise because of differences in position relative to the porphyrin ring current.
Three possible limiting isomers for this product, consistent with the 1 H NMR data, are shown in Figure 1 . Distinctive 13 C NMR resonances attributed to the bound pinacolone fragment, but not due to the tert-butyl group, are found at 83.3 and 170.7 ppm. A HETCOR experiment revealed that the protons resonating at 3.02 and 1.35 ppm were both bound to the same carbon atom (83.3 ppm), precluding isomer I. The proton resonating at 3.02 ppm displayed a through-space interaction with the tertbutyl group (-0.50 ppm) in a NOESY experiment. Consequently, this proton must be cis to the tert-butyl group. The 13 C NMR data are incompatible with isomer II because the peak (10) All software and sources of the scattering factors are contained in the SHELXTL V5.10 program library: G. Sheldrick, Siemens-AXS, Madison, WI.
(11) The large ring current of the aromatic porphyrin macrocycle provides a useful means for identifying metal-bound ligands through 1 H NMR. Upfield shifts of bound-ligand protons are commonly 1-4 ppm from those of the free ligand. The ring current effects on the 13 C nuclei of metal-bound ligands of metalloporphyrin complexes are shifted to a smaller degree, which allows comparison of these resonances to those found in spectra of nonporphyrin metal analogues. Treatment of complex 2a with 1 equivalent of pinacolone resulted in the elimination of H 2 NAr i Pr and formation of a metalloporphyrin product, 2, containing two pinacolone fragments. The 1 H NMR integrations of the double-condensation product were consistent with the overall loss of two hydrogens from the two pinacolone molecules. A singlet at 3.00 ppm was assigned to an olefinic proton that had been shifted upfield by the porphyrin ring current. Two t Bu groups were observed as singlets at 0.04 (9H) and -0.46 (9H) ppm, and a methyl singlet appeared at -0.69 (3H) ppm. When a toluene-d 8 solution of complex 2 was cooled, broadening of the tert-butyl singlet at -0.46 ppm was observed in the 1 H NMR. At 234 K, this singlet had nearly broadened into the baseline while the geminal methyl signal (-0.69 ppm) remained sharp. 13 An unusual feature of complex 2 is the -pyrrole proton resonance. This signal appears as an AB quartet (9.21 ppm, 3 J H-H ) 4.6 Hz, δν ) 4.8 Hz) due to a stereogenic center in the product ligand. Two isomers that are consistent with the 1-D 1 H NMR data for the two coupled pinacolone molecules are shown in Figure 2 .
The position of the olefinic proton was established by a NOESY experiment which showed through-space interactions of this hydrogen with both tert-butyl groups and the methyl group. Furthermore, the methyl group, which resonates at -0.69 ppm, was also close, spatially, to the tert-butyl unit with the signal at -0.46 ppm. Isomer IV was consistent with the NOESY experiment, while isomer V would exhibit an NOE interaction of the olefinic proton with only one t Bu group. The connectivity of the hydrocarbon backbone was definitively established by a HMBC experiment that showed two-bond coupling interactions between the olefinic proton and both carbon 3 and carbon 5 (see Figure 2 for numbering). Isomer V would contain a twobond coupling of the olefinic proton to only one carbon atom. The chemical shifts of carbon 3 (160.0 ppm), carbon 4 (97.6 ppm), and carbon 5 (80.0 ppm) of the metallacycle backbone were assigned by HETCOR and HMBC NMR experiments.
In addition to 2-D NMR results, support for the assignment of the two tert-butyl groups in complex 2 was facilitated by deuterium labeling. Treatment of the imido complex 1 with 1 equiv of pinacolone followed by excess pinacolone-d 12 produced complex 2 with a 9-proton singlet in the 1 H NMR spectrum at 0.04 ppm. Conversely, treatment of complex 1 with 1 equiv of pinacolone-d 12 and then with excess pinacolone-d 0 produced enediolate complex 2 with a 9-proton singlet at -0.46 ppm and a 3-proton singlet at -0.69 ppm. These experiments also revealed that the source of the protons transferred to the imido group was the methyl group of the first pinacolone consumed. On the basis of the NMR structural analysis, the reaction sequence for pinacolone condensation with complex 1 is shown in eqs 1 and 2.
Complex 2 could also be synthesized by alternate routes. Formation of the enediolate compound 2 occurred on treatment of the ureato complex (TTP)Zr(η 2 -NAr i Pr C(dN t Bu)O) with excess pinacolone. The urea, NHAr i Pr C(dO)NH t Bu, was a byproduct of this process. Treatment of (TTP)ZrCl 2 with excess pinacolone in the presence of piperidine also resulted in the formation of complex 2. Although this was a more direct synthetic approach, it yielded impure product. A one-pot synthesis that involved adding excess pinacolone to in situ generated complex 1 produced complex 2 in a yield and purity comparable to those found for the reaction with isolated imido complex 1. Whereas the formation of complex 2 from enolate species 2a required hours to reach completion, treatment of complex 2b (the less bulky tolylamido analogue of 2a) with pinacolone resulted in the rapid formation of the enediolate compound.
The preceding investigation also employed hafnium in place of zirconium. Due to similarities of the two series of compounds, only the latter was addressed. The largest difference in the 1 H NMR data of the amido/enolato congeners was found for the methylene resonances. The geminal CH 2 resonances for 3a (2.91, 1.18 ppm) were slightly upfield of those for 2a (3.02, 1.35 ppm). Similarly, the olefinic resonance in the enediolate complex was upfield for the hafnium derivative (2.92 ppm) relative to that for the zirconium complex (3.00 ppm). Reaction times were observed to be somewhat longer for the heavier congener, as observed previously for other Hf and Zr metalloporphyrin complexes. 7 Under identical reaction conditions, treatment of the respective imido complex, (TTP)MdNAr i Pr (M ) Zr, Hf), with excess pinacolone produced the amide/enolate complex within minutes for zirconium and 1 h for hafnium. 14 A more facile route to complex 4 was found from the metathesis reaction between complex 1 and PhNO (eq 3). The dimer was formed in moderate yield along with the diazene PhNdNAr i Pr . The 1 H NMR spectrum of the bis(µ-oxo) species exhibited signals typical of zirconium metalloporphyrin complexes. The exception was an upfield shift of the -pyrrole signal to 8.44 ppm due to the face-to-face orientation of the two porphyrin rings. The -pyrrole signal remained as a singlet at 223 K in CDCl 3 , indicating fast rotation of the porphyrin rings relative to one another. Complex 4 readily undergoes hydrolysis upon exposure to water to produce the (µ-oxo)bis(µ-hydroxo) dimer, complex 5 (eq 4). The most facile preparation of compound 5 was found from heating a toluene solution of complex 2 in the presence of excess acetone. The hydroxyl protons at -8.27 ppm (s, 2H) were found to be upfield of those reported for the tetraphenylporphyrin analogue (-6.73 ppm, s, 2H). 15b Crystal Structures of ( Table 1 , and selected metrical parameters are collected in Tables 2 and 3. All of the molecules exhibit typical out-ofplane displacements of the zirconium from the mean 4-N pyrrole plane for six-and seven-coordinate metals. In the case of complex 2, acquisition of high-quality crystals was not possible, despite numerous recrystallizations. These difficulties were attributed to the solvent-dependent nature of the crystals and volatile solvent molecules packed in the voids of the lattice. While extensive disorder in the enediolate ligand precluded anisotropic refinement of the carbon backbone, the oxygen atom identities were unequivocally established and were consistent with the results of spectroscopic experiments. A representation of complex 2 is given in Figure 3 . The Zr-O bond distances of 1.963(6) 17 Compound 4 (Figure 4 ) results from the formal dimerization of two (TTP)ZrdO units. The metal-oxygen bond distances, 1.9719(16) and , are elongated compared to those of known oxo-bridged analogues but still suggest the presence of multiple bonding. 18 The oxygen atoms in complex 4 are staggered with respect to the Zr-N pyrrole bonds. The O2-Zr1-Zr1A-N4A torsion angle is 33.8°and that of O2-Zr1-Zr1A-N3A is 57.3°. The positions of the bridging oxygen atoms lying closer to the N2 and N4 atoms may explain the variation in the Zr-N pyrrole bond distances producing the hydroxo/enolato derivative. 16g An amido/O-bound enolato species, 2a, was found upon treatment of the imido complex 1 with 1 equiv of pinacolone. This enolate complex, 2a, was inert in the presence of PhCtCH, acetophenone, (TMS)Cl, or MeI at 80°C in C 6 D 6 . The zirconium coordination sphere in 2a appears to be sterically congested, as indicated by two observations. First, the ortho isopropyl groups of the NAr i Pr moiety are diastereotopic as a result of hindered rotation around the N-C ipso bond. Second, the bulky H 2 NAr i Pr group is readily ejected on treatment with H 2 N-tolyl to form (TTP)Zr(NH-tolyl)-[OC(dCH 2 )( t Bu)], 2b. As expected, the reduced steric congestion of the tolyl amido/enolate species, 2b, facilitates the formation of complex 2 in a substantially shorter time period (Scheme 1). The formation of complex 2 presumably involves a variation of the generally accepted aldol reaction mechanism (Scheme 2). 21 The reaction of transition metal enolate complexes with aldehydes or ketones generally results in the formation of η 1 -or η 2 -bound -hydroxy ketone complexes. 22 However, as shown in Scheme 2, deprotonation of the η 2 -hydroxy ketone complex by the strong base NHAr -results in the formation of a unique chelated enediolate product. 23 Intractable mixtures were obtained from the addition of acetone to 1 or 2a. This has been attributed to pπ-dπ orbital interaction between the oxygen and the metal. Complex 5 does not possess eclipsed porphyrin rings. As the intramolecular steric properties of tetraphenylporphyrin are expected to be equivalent to those of tetratolylporphyrin, dπ-pπ interactions between the Zr and O atoms in complexes 4 and 5 are not readily apparent. 25 It is interesting to note the structure of the only other known six-coordinate zirconium metalloporphyrin complex containing two O-bound ligands, (OEP)Zr(O t Bu) 2 . 14b First, the O-Zr-O angle of 90.08(9)°is rather large for this class of molecules. 26 Second, the zirconium out-of-plane distance of 1.06 Å is the largest value reported for six-coordinate zirconium metalloporphyrin complexes. Although these features were attributed primarily to the steric bulk of the O t Bu ligands, Zr-O π-bonding would most likely be enhanced by such an arrangement. 27 Zirconium lies further toward the porphyrin plane and contains an O1-Zr1-O2 angle of 78.56(8)°in complex 4. The presence of dπ-pπ interactions is expected in complex 4, albeit somewhat diminished, as evident in the metrical parameters described above.
Formation of Oxygen-Bridged Dimers 4 and 5. The bis-(µ-oxo) complex [(TTP)
ZrO] 2 , 4, was initially observed in the thermal
Conclusion
New examples of the novel reactivity possessed by zirconium and hafnium imido metalloporphyrin complexes have been demonstrated. These complexes mediate the stepwise coupling (21) 
Scheme 1 Scheme 2
of pinacolone in the formation of an enediolate compound. Mixed-ketone condensation products are also possible. Moreover, we have developed direct synthetic routes to zirconium metalloporphyrin complexes containing bridging oxygen ligands. (TTP)ZrdNAr i Pr undergoes metathesis with nitrosobenzene to produce the µ-oxo-bridged dimer, [(TTP)ZrO] 2 , 4. The bis(µ-hydroxo)(µ-oxo) dimer [(TTP)Zr] 2 (µ-OH) 2 (µ-O), 5, is a hydrolysis product of complex 4. Also of interest is the unique structural characteristic of staggered porphyrin rings found for complexes 4 and 5. This is in marked contrast to the eclipsed conformers known for other Zr and Hf analogues.
